Glycoglycerolipids were isolated from seaweed-associated marine actinomycete strain PK206-15, which was identified as Streptomyces coelescens based on 16S rDNA sequence analysis. The compounds were isolated by silica gel chromatography and high performance liquid chromatography. The structures were analyzed by nuclear magnetic resonance, high resolution-electrospray ionization-mass spectrometry, and methanolysis. The compounds were identified as 2R-1,2-di-12-methyl-
In the marine environment, macroalgae are susceptible to epibiosis on the surface, because they live in a space-competitive environment among benthic organisms, 1) and macroalgae provide nutrients for epibiosis by releasing organic carbon into the environment.
2) The marine microbial communities on the surface of macroalgae are complex and dynamic ecosystems. Bacteria are dominant colonizers on the surface of macroalgae, followed by diatoms and fungi. [3] [4] [5] Various species of bacteria have been isolated from the surface of macroalgae. For example, Acrosiphonaa sonderi is a source of Algibacter lectus, Formosa afariphila, and Mesonia algae, 6) and Ulva fenestrata is a source of Arenibacter certesii, Maribacter ulvicosa, Pseudozobellia thermophila. 7) Of the Phaeophyceae, Ecklonia kurome is a source of Croceitalea dokdonensis and Croceitalea eckloniae, 8) and Laminaria japonica is a source of Psedoalteromonas bacteriolytica, Zobellia laminariae, and Ateromonas atlantica. 9) Epibiotic bacteria on macroalgae secrete biologically active compounds that regulate marine organism morphogenesis and help them to survive under various environmental conditions. 10) Some epibiotic bacteria play important roles helping to protect host organisms from biofouling by producing antibiotics, antifouling compounds, and forming biofilms. 11) For example, epibiotic bacteria from the macroalgae Laminaria digitata and Codium fragile control the microbial population on the surface of seaweed. 12) A culture extract of Alteromonas sp. and Pseudoalteromonas sp. isolated from the surface of Ulva reticulata inhibits settlement and metamorphosis of the polychaete Hydroides elegans.
13) Antifouling mechanisms of U. reticulata rely on compounds produced by epibiotic bacteria such as Vibrio sp., 14) but little is known about the compounds produced by epibiotic bacteria.
This study focused on macroalgae epibiotic bacteria, particularly marine actinomycetes, as producers of antifouling compounds. Marine actinomycetes are a rich source of many molecules with interesting bioactivities. 15, 16) Despite success in antibiotic and anticancer agent discovery from marine actinomycetes, little attention has been paid to the discovery of antifouling agents. This study identified four antifouling compounds, which were isolated from seaweed-associated actinomycetes.
Antifouling activity was assessed against fouling organisms, including zoospores of Ulva pertusa, the diatom Navicula annexa, the mussel Mytilus edulis, and fouling bacteria. Fouling in the aquatic environment is considered a successional sequence that consists of macromolecular adsorption and primary colonization including fouling bacteria, diatoms, and macroalgal zoospores. 17) Microbial cells produce an extracellular polymer complex and a biofilm, 18) and then marine invertebrate larvae use these biofilms as a settlement indicator. 19) Thus, inhibiting primary colonization organisms such as fouling bacteria, diatoms, and macroalgal zoospores along with the macrofouling organism mussel M. edulis might be an effective way to annihilate fouling organisms. This report describes the identification of the main active antifouling compounds isolated from macroalgae epibiotic bacteria strain PK206-15 and offers an evaluation of these antifouling compounds.
Materials and Methods
Marine actinomycetes culture and extract. In a previous study, marine actinomycetes were isolated from seaweeds collected from the coast of Korea (Kangnung, Pohang, Ulsan, Pusan, Tongyoung, and Wando). 20) Eighty-seven strains were cultured and screened for antifouling activity. These were grown in 1-L flasks containing 500 mL of A1BFeC fermentation medium (20 
C with shaking at 215 rpm. The medium suspension and cell pellet were separated by centrifugation. Cells were extracted by stirring with 500 mL of CH 2 Cl 2 /CH 3 OH (2:1) for 24 h. Amberite XAD-7 resin (20 g/L; Fluka, Sigma, St. Louis, MO) was added to the suspension, and the slurry was shaken for 12 h. The resin was collected by filtration through cheesecloth and eluted with acetone (500 mL) after washing with 1 L of deionized water to remove salts. Crude extracts obtained from 85 strains cultures were examined for antifouling activity. The most active PK206-15 strain was selected for further experiments.
Identification of marine bacteria. For chromosomal DNA isolation, strain PK206-15 was cultured on BHIA with 1% Sodiun chloride at 25 C and the chromosomal DNA was isolated with a High Pure PCR Template Preparation kit (Roche, Mannheim, Germany). A 16S rDNA fragment of strain PK206-15 was amplified with the primer 27F (5 0 -AGAGTTTGATCCTGGCTCAG-3 0 ) and the 1492R universal primer (5 0 -GGTTACCTTGTTACGACTT-3 0 ). 20) PCR was performed with the thermocycling program: pre-denaturation for 5 min at 94 C, followed by 30 cycles denaturation for 30 s at 94 C, annealing for 30 s at 55 C, extension for 30 s at 72 C, and the final extention step for 7 min at 72 C. The amplicons were visualized by electrophoresis in 1.5% (w/v) agarose gels with ethidium bromide (0.5 mg/mL). The amplicons were purified with a GeneAll Gel SV kit (General Biosystem, Seoul, Korea). The purified PCR products were ligated to pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA) and transformed in Escherichia coli TOP10 following the manufacturer's instructions. The plasmid was isolated with a GeneAll Plasmid SV kit (General Biosystem) and sequenced with a Big Dye Terminator Cycle DNA Sequencing kit (ABI PRISM PE, Applied Biosystems, Foster City, CA) using an ABI3730XL sequencer (Applied Biosystems, Carlsbad, CA). The 16S ribosomal DNA gene sequence was compared with those available in the NCBI database using the BLASTN program.
Isolation and identification of glyceroglycolipids. Following bioassay-guided isolation against zoospore settlement, antifouling compounds were isolated by silica-gel chromatography and high performance liquid chromatography (HPLC). The crude extract of strain PK206-15 was subjected to silica-gel flash column (100 g, 70-230 mesh) chromatography, which was eluted with a step-gradient mixture of methanol in chloroform to generate 20 fractions. The active fraction was dissolved in methanol and separated by HPLC. Separation was achieved on ODS silica (250 Â 10, 5mm; Phenomenex, Rancho Cordova, CA) and YMC-Pack ODS-5-A columns (25 cm Â 10 mm i.d., 5 mm; YMC, Kyoto, Japan). Analysis was done on an Agilent 1200 liquid chromatography system and monitored with a RI detector (Agilent Technology, Santa Clara, CA). The mobile phase consisted of methanol/water (90:10, 95:5), and elution was performed using an isocratic flow at 2 mL/min. To identify structure, purified compounds were analyzed by high resolution-electrospray ionization-mass spectrometry using a JMS 700 (JEOL, Tokyo) in positive ion mode. Nuclear magnetic resonance (NMR) spectra were obtained on a JNM-ECP 600 NMR spectrometer (JEOL) using methanol-d4. To identify the fatty acid compositions of the compounds, they were dissolved in methanol and treated with 1% NaOMe-MeOH. The mixture was stirred at room temperature for 5 h and neutralized by the addition of AG 50W-X8 (H þ form; Bio-Rad, Richmond, CA). Then the mixture was partitioned with chloroform and water. The chloroform phase was evaporated to yield a fatty acid methyl ester, which was analyzed by gas chromatography (GC)-MS-QP5050A (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector.
Inhibition assays against mussel larvae. A representative hard fouling organism widely used in antifouling studies, M. edulis, was collected at a depth of 10 m off the coast of Pusan, South Korea during May 2010. Adult mussels (shell length 5:5 AE 0:3 cm) were selected for the experiments. The mussels were transported to the laboratory and washed in sterile seawater to remove debris. Each mussel was placed in a 1-L flask containing 500 mL, seawater and incubated at 25 C. Within 24 h, ovum and sperm were obtained separately, and fertilization was conducted. Approximately 20 settling-stage larvae reared by feeding Isochrysis galbana for 3 weeks after fertilization were transferred to 12-well plates containing 3.5 mL of seawater. The compounds isolated in this study were micelles in water at experimental temperature. Hence dimethyl sulfoxide (DMSO) was used as the solvent, since it is highly soluble with these compounds. The various compounds dissolved in DMSO were added to the wells. The plate was incubated in the dark at 20 C for 3 d to allow the larvae to settle (>80% of the larvae settled in a control experiment). The numbers of settled larvae were counted under a microscope.
Inhibition assays against algae zoospores and diatoms. A representative fouling macroalga, U. pertusa, was collected during July 2009 from Anmyoundo, Korea. U. pertusa thalli were washed in sterile seawater to remove debris and were dried by pressing between paper towels. The thalli were transferred to a 1-L flask containing 750 mL of seawater and exposed to a light source (intensity 90 mmol m À2 s À1 ) at 25 C for 1 d to induce spore release. The released spores (3 Â 10 4 cells) were transferred to 12-well plates with 3.5 mL of seawater. Slide glasses (2:5 Â 1:5 cm) were used as spore settlement sites. They were cleaned in 10% HCl for 24 h and rinsed in deionized water for 24 h. Three of the slide glasses were placed vertically in 12-well plates, and the various compounds dissolved in DMSO were added. The well plates were placed in the dark for 6 h at 20 C to allow spore settlement. The number of settled spores on each slide glass was counted. The diatom N. annexa was supplied by the Korea Marine Microalgae Culture Center, Pukyong National University. N. annexa was cultured in F/2 medium 21) at 20 C under light intensity of 70 mmol m À2 s À1 on a 12:12 (light: dark) cycle with shaking at 50 rpm. Inhibition assays on slide glass as described above were conducted. N. annexa (2:5 Â 10 4 cells/mL) was transferred to 12-well plates with the test compounds and cultured for 7 d.
Therapeutic ratio (LC 50 /EC 50 ) calculation. The therapeutic ratio (LC 50 /EC 50 ) is used to evaluate the activity of an antifouling compound in relation to its toxicity. 22) LC 50 is the lethal concentration for 50% of the fouling organisms, and EC 50 is the concentration that inhibits 50% settlement of them. The compounds were dissolved in DMSO and diluted serially 2-fold to achieve a concentration that was not inhibitory or lethal. The concentration-response curve for each compound was plotted, and a trend line was constructed to calculate the LC 50 and EC 50 values.
Antibacterial activity assays. Bacterial strains were isolated from peices of polystyrene submerged in seawater to accumulate biofilm for 1 month at a depth of 10 m at Ayajin, Korea in 2006. The strains were identified as Alteromonas sp. KNS-8 (NCBI accession no. JN797479) and Pseudomonas aeruginosa KNP-3 (NCBI accession no. JQ267503) based on 16S rDNA sequence analysis. The strains were cultured in BHIA medium with 1% NaCl at 25 C to 10 3 colony forming units/ mL. Each bacterial culture (200 mL) was transferred to a well of a 96-well plate, and the test compound was added. The plate was incubated at 25 C for 24 h, and antibacterial activity was calculated in terms of the minimum inhibitory concentration (MIC) of the antifouling compound. Cell growth was measured by the absorbance at 600 nm.
Antifouling activity of commercial fatty acids. In previous studies, the antifouling activities of fatty acids have been reported. To investigate the antifouling activities of the fatty acids composed of glycoglycerolipids isolated in this study, the activities of commercial 12-methylhexadecanoic acid (anteiso C15:0) and 14-methylhexadecanoic acid (anteiso C17:0) were determined. The fatty acids were purchased from Sigma (St. Lous, MO) and tested against fouling organisms by the methods described above.
Results

Identification of antifoulant-producing actinomycetes
Of the 87 strains, the crude extracts of 16 strains showed <5 mg/mL of the EC 50 value against U. pertusa zoospore settlement. Of the 16 strains, PK206-15 showed a value of 2.5 mg/mL for EC 50 , and was selected for bacterial identification. Strain PK206-15, isolated from the seaweed Laminaria japonica rhizosphere, showed >99% sequence identity to Streptomyces coelescens (NCBI accession no. AF503496) in the 16S rDNA partial sequence based on a NCBI BLAST analysis. This strain was named S. coelescens PK206-15.
Isolation of antifouling compounds
The extract (1.4 g) was fractionated with a silica gel column. The active fractions, including fraction 9 (324 mg) eluted with chloroform/methanol (55/45, v/v), fraction 10 (262 mg) eluted with chloroform/ methanol (50/50, v/v), and fraction 12 (183 mg) eluted with chloroform/methanol (40/60, v/v) showed antifouling activity of <3:5 mg/mL for EC 50 . These fractions were further subjected to reverse-phased HPLC. Fraction 9 was subjected to ODS column chromatography, eluted with methanol/water (90/10, v/v), and then subjected to YMC-Pack ODS-5-A column chromatography eluted with methanol/water (95/5, v/v), which generated compounds Gal-GL1 (46 mg) and Gal-GL4 (37 mg). By the method described above, Gal-GL3 (51 mg) was obtained from fraction 10, and Gal-GL2 (29 mg) was obtained from fraction 12.
Identification of the compounds
The antifouling compounds isolated from S. coelescens PK206-15 were identified by interpreting the NMR and HR-EIMS data. The compounds were identified as digalactocyl-diacylglycerolipids (Gal-GL1 and Gal-GL2) and as monogalactosyl-diacylglycerolipids (Gal-GL3 and Gal-Gl4) (Fig. 1) .
The molecular composition of Gal-GL1 was C 45 H 84 O 15 (positive mode, ½M þ Na þ at m=z 887.5719, calculated, 887.5707). The 1 H and 13 C-NMR spectra revealed the presence of sugar and longchain fatty acid ester moieties, suggesting a glycoglycerolipid. The 1 H and 13 C-NMR analyses together with correlation spectroscopy, heteronuclear multiple quantum correlation, and heteronuclear multiple-bond correlation spectroscopy (HMBC), made possible assignment of all 1 H and 13 C-NMR spectra for the sugar and glycerol moieties, as shown in Tables 1 and 2 . The signals at C 64.9 (C-1), 70.2 (C-2), 69.2 (C-3) 23) indicated that Gal-GL1
Two carbonyl carbon signals, at C 175.8 and 175.1 in the 13 C-NMR spectrum, were detected, and their long-range coupling detected by HMBC, revealed two carbonyl carbons correlated with H-1 and H-2 of glycerol respectively (Fig. 2) . To characterize the structure of the fatty acid, Gal-GL1 was treated with NaOMe-MeOH by the method of Kobayashi et al. 24) to generate digalactosyl-glycerol and a fatty acid methyl ester. The fatty acids were determined to be 12-methylhexadecanoic acid (anteiso-C15:0) by comparison with GC-MS analysis of the standard sample. The configuration at C-2 was determined to be R by comparing the coupling constants of H-1a/H-2 (4. 25) The NMR spectra of the glycerol and galactose units of Gal-GL2 were identical to those of Gal-GL1. The molecular composition of Gal-GL2 was C 30 H 56 O 14 (positive mode, ½M þ Na þ at m=z 663.3558, calculated, 663.3567). In the 13 C-NMR spectrum, the carbonyl carbon signal at C 175.1 and its long-range coupling, detected by HMBC, revealed that this carbonyl carbon correlated with H-1 glycerol. The fatty acid connected at C-1 was determined to be 12-methylhexadecanoic acid.
Analysis of the 1 H and 13 C-NMR spectra and the HR-EIMS data for Gal-GL3 and Gal-GL4 revealed the presence of a monogalactosyl-diacylglycerolipid. The molecular composition of antifouling compound Gal-GL3 was C 39 H 74 O 10 (positive mode, ½M þ Na þ at m=z 725.5186, calculated, 725.5179). In the 13 C-NMR spectrum, two carbonyl carbon signals, at C 174.6 and 175.3, were detected, and their long-range coupling, detected by HMBC, revealed two carbonyl carbons correlated with H-1 and H-2 of glycerol respectively. The fatty acids connected at C-1 and C-2 were determined to be 12-methylhexadecanoic acid. The molecular composition of Gal-GL4 was C 43 H 82 O 10 (positive mode, ½M þ Na þ at m=z 781.5814, calculated, 781.5805). Two carbonyl carbon signals, at C 174.5 and 175.6, were detected, and were correlated with H-1 and H-2 of glycerol respectively (Fig. 2) . The two fatty acids were determined to be 14-methylhexadecanoic acid (anteiso-C17:0). Based on NMR data and related studies, [23] [24] [25] Gal-GL3 and Gal-GL4 were identified as 2R-1,2-di-12-methylhexadecanoic acid-3-O--D-galactopyranosyl-glycerol and 2R-1,2-di-14-methylhexadecanoic acid-3-O--D-galactopyranosyl-glycerol (Tables 1  and 2 ).
Antifouling activity of glycoglycerolipids and commercial fatty acids
The antifouling profiles of the four compounds isolated are shown in Tables 3 and 4 . LC 50 and EC 50 values were determined against the seaweed U. pertusa, the diatom N. annexa, and the mussel M. edulis, and therapeutic ratios (LC 50 /EC 50 ) were calculated. MIC values were determined against two fouling bacteria, Alteromonas sp. KNS-8 and Pseudomonas aeruginosa KNP-3. Gal-GL4 showed the lowest EC 50 of 0.008 mg/ mL, and a therapeutic ratio of 112 for inhibiting zoospores, and Gal-GL2 showed a 0.03 mg/mL for EC 50 and 153 as therapeutic ratio, whereas the positive control (Irgarol) was 2. Gal-GL4 also showed potent activity against both the diatom and the mussel. The MIC values of the four compounds ranged from 1.28 to 5.14 mg/mL for Alteromonas and from 1.01 to 3.98 mg/ mL for Pseudomonas. The antifouling activity of commercial fatty acids, 12-methylhexadecanoic acid and 14-methylhexadecanoic acid, which are composed of glycoglycerolipids, were determined. The EC 50 values of 12-methylhexadecanoic acid ranged from 3.1 to 5.4 mg/mL, whereas the MICs for the fouling bacteria ranged from 25.3 to 37 mg/mL. 14-Methylhexadecanoic acid was more potent than 12-methylhexadecanoic acid, with EC 50 range of 2.4 to 4.3 mg/mL and MIC range of 22.1 to 35.1 mg/mL (Tables 5 and 6 ).
Discussion
Fouling organisms such as macroalgae, diatoms, and invertebrates cause huge damage to the immersed surfaces of man-made structures, resulting in economic losses in aquatic environments. Underwater structures Table 2 .
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Gal-GL3 are usually coated with toxic antifouling compounds to minimize the impact of fouling organisms. 26, 27) The most effective antifouling agents include Diuron, dichlorofluanid, and Irgarol, which are widely used, but many studies have reported pollution in marine environments 28) and toxicity to nontarget organisms, including inhibited photosynthesis and carcinogenic and mutagenic activities. [29] [30] [31] [32] Hence the development of environmentally sustainable antifouling agents is necessary. In the present study, nontoxic antifouling compounds were isolated from seaweed-associated actinomycete and activity was expressed in terms of a therapeutic ratio (LC 50 /EC 50 ) to evaluate environmentally sustainable compounds. Active glycoglycerolipids were isolated from Streptomyces coelescens PK206-15.
Glycoglycerolipids are glycolipids in monosaccharide or disaccharide residues linked by a glycosyl linkage to a lipid moiety containing a glycerol residue. 33) They have been reported most often in algae and bacteria. For example, -D-Gal--D-Gal-glycerolipid was isolated from the dinoflagellates Heterocapsa circularisquama and Amphidinium carterae 23, 34) and an undesignated mono and a di-Gal-glycerolipid were isolated from the seaweed Ulva lens. Glycoglycerolipids show several interesting biological activities, including the antitumor activity of diGlcglycerolipid against the HM02 cell line, 37) and the antioxidative activity of Glu-Man-glycerolipid and diMan-glycerolipid. 25) In this study, four galactosylglycerolipids were isolated, and they inhibited fouling organisms. The antifouling profiles of these compounds in terms of LC 50 , EC 50 , and MIC are shown in Tables 3  and 4 . All of the isolated compounds showed activity against the tested organisms, with less than 14.1 mg/mL LC 50 and 0.2 mg/mL EC 50 . A therapeutic ratio of ðLC 50 =EC 50 Þ > 15 indicates an effective antifoulant. 38) Based on these results, all the compounds inhibited fouling organisms at a >15 therapeutic ratio, suggesting that they might be successful antifoulants, whereas the commercial compound Irgarol has a therapeutic ratio of 25 (data not shown). A comparison of antifouling activity between Gal-GL2 and Gal-GL3 revealed that mono-galactosylglycolipid showed more potent activity than the digalactosylglycolipids. Additionally, activities differed depending on the fatty acids. A comparison between Gal-GL1 and Gal-GL2 revealed that the di-fatty acid was more potent than the mono fatty acid. Moreover, long-chain fatty acids (C17:0, Gal-GL4) were more potent than short chain one (C15:0, Gal-GL3). Other studies have reported antifouling activities of fatty acids. Palmitic acid, isolated from the brown alga Sargussum muticum, and 2-hydroxymyristic acid and (9Z)-oleic acid, derived from the marine bacterium Shewanella oneidensis, inhibit spores of U. pertusa. 39, 40) In the present experiment, the antifouling activity of commercial free fatty acids was determined. It showed less activity than the glycoglycerolipids, suggesting that glycolycerolipids are responsible for the antifouling activity, not the fatty acids alone.
In conclusion, the glycoglycerolipids isolated from S. coelescens PK206-15 showed significant antifouling activity. Antifouling compounds are valuable not only for the marine ecology but also in the antifouling paint industry, which must identify a nontoxic paint formula. Culturable marine microbes are an attractive source of antifouling compounds due to the absence of a supply problem, even though many natural antifouling compounds isolated from seaweeds and invertebrates 38) have been reported. Studying the optimal culture conditions of this strain should be a fruitful topic for future investigation. This study is the first to determine the full structure of a galactoglycerolipid containing branched saturated fatty acids (anteiso C15:0 and C17:0) from a marine Streptomyces, and is also the first to identify a glycoglycerolipid as an antifouling compound to add to the arsenal of antibiofouling chemicals.
